hepatocellular regeneration. The objective of the present work was to correlate hepatocellular regeneration with CCl 4 (100 &mu;l/kg)-induced hepatotoxicity in rats maintained for 15 days on a normal (N) diet, relative to the regenerative response in rats maintained on a diet containing either 10 ppm CD, 225 ppm phenobarbital (PB), or 10 ppm mirex (M). Hepatocellular regeneration was assessed by measuring DNA and 3 H-thymidine ( 3 H-T) incorporation, followed by autoradiographic analysis of liver sections. Hepatotoxicity was assessed by measuring plasma transaminases (aspartate and alanine) followed by histopathological observations of liver sections for necrotic, swollen, and lipid-laden cells. Lethality studies were also carried out to assess the consequence of hepatotoxicity on animal survival. Dietary 10 ppm CD potentiated the hepatotoxicity of CCl 4 to a greater extent than PB or M, as evidenced by elevations in plasma enzymes. Although the serum enzymes were significantly elevated in PB rats in contrast to the slight elevations in N and M rats, they returned to normal levels by 96 hr. However, serum enzyme elevations in CD rats were progressive with time until death of the animals. Actual liver injury by CCl 4 was greater in PBthan in CD-pretreated rats, as evidenced by histopathological observations. A 100% mortality occurred in CD-pretreated rats at 60 hr after CCl 4 administration, whereas no mortality occurred in either N-, M-, or PB-pretreated rats, indicating recovery from liver injury. Hepatocellular nuclear DNA levels were significantly decreased starting at 6 hr after CCl 4 administration to CD-pretreated rats, but not in Mor PB-pretreated rats. 3 H-T incorporation into nuclear DNA as well as percentage of labeled cells showed a biphasic increase in N rats: 1 at 1-2 hr, and the other at 36-48 hr after CCl 4 administration. However, only 1 peak of 3 H-T incorporation at 36-48 hr was observed in the CD + CCl 4 combination, which was also significantly lower when compared to that observed after the M or PB + CCl 4 combination treatments. These findings suggest that there is recovery in N-, PB-, or M-pretreated rats from CCl 4 -induced injury by virtue of the stimulated hepatocellular regeneration and tissue repair. In CD-pretreated rats, CCl 4 toxicity is progressive because of mitigated hepatocellular regeneration (at 2-6 hr), supporting the concept that hepatocellular regeneration plays a critical role in determining whether hepatotoxicity becomes permissively progressive or actively regressive, owing to tissue repair mechanisms. In the absence of hepatocellular regeneration and tissue repair, progressive liver injury leads to sustained hepatic failure (24 hr), culminating in animal death. These findings underscore the importance of assessing additional parameters of hepatobiology indicative of the ultimate outcome of toxicity rather than relying solely on indices of liver injury, particularly during the inflictive phase of chemically-induced liver injury.
Our earlier histomorphometric and biochemical studies suggested that the progressive phase of the interactive toxicity of chlordecone (CD) + CCl 4 involves suppression of hepatocellular regeneration. The objective of the present work was to correlate hepatocellular regeneration with CCl 4 (100 &mu;l/kg)-induced hepatotoxicity in rats maintained for 15 days on a normal (N) diet, relative to the regenerative response in rats maintained on a diet containing either 10 ppm CD, 225 ppm phenobarbital (PB), or 10 ppm mirex (M). Hepatocellular regeneration was assessed by measuring DNA and 3 H-thymidine ( 3 H-T) incorporation, followed by autoradiographic analysis of liver sections. Hepatotoxicity was assessed by measuring plasma transaminases (aspartate and alanine) followed by histopathological observations of liver sections for necrotic, swollen, and lipid-laden cells. Lethality studies were also carried out to assess the consequence of hepatotoxicity on animal survival. Dietary 10 ppm CD potentiated the hepatotoxicity of CCl 4 to a greater extent than PB or M, as evidenced by elevations in plasma enzymes. Although the serum enzymes were significantly elevated in PB rats in contrast to the slight elevations in N and M rats, they returned to normal levels by 96 hr. However, serum enzyme elevations in CD rats were progressive with time until death of the animals. Actual liver injury by CCl 4 was greater in PBthan in CD-pretreated rats, as evidenced by histopathological observations. A 100% mortality occurred in CD-pretreated rats at 60 hr after CCl 4 administration, whereas no mortality occurred in either N-, M-, or PB-pretreated rats, indicating recovery from liver injury. Hepatocellular nuclear DNA levels were significantly decreased starting at 6 hr after CCl 4 administration to CD-pretreated rats, but not in Mor PB-pretreated rats. 3 H-T incorporation into nuclear DNA as well as percentage of labeled cells showed a biphasic increase in N rats: 1 at 1-2 hr, and the other at 36-48 hr after CCl 4 administration. However, only 1 peak of 3 H-T incorporation at [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] hr was observed in the CD + CCl 4 combination, which was also significantly lower when compared to that observed after the M or PB + CCl 4 combination treatments. These findings suggest that there is recovery in N-, PB-, or M-pretreated rats from CCl 4 -induced injury by virtue of the stimulated hepatocellular regeneration and tissue repair. In CD-pretreated rats, CCl 4 toxicity is progressive because of mitigated hepatocellular regeneration (at 2-6 hr), supporting the concept that hepatocellular regeneration plays a critical role in determining whether hepatotoxicity becomes permissively progressive or actively regressive, owing to tissue repair mechanisms. In the absence of hepatocellular regeneration and tissue repair, progressive liver injury leads to sustained hepatic failure (24 hr) , culminating in animal death. These findings underscore the importance of assessing additional parameters of hepatobiology indicative of the ultimate outcome of toxicity rather than relying solely on indices of liver injury, particularly during the inflictive phase of chemically-induced liver injury.
Keywords. Mirex; carbon tetrachloride; potentiation INTRODUCTION Hepatotoxicity of an ordinarily nontoxic dose of carbon tetrachloride (CCl4) is remarkably amplified by pretreatment with a chlorinated insecticide, chlordecone (CD; Keponell~1), at nontoxic levels (1, 14-17, 26, 27) . Although increased bioactivation of CCl4 by cytochrome P-450 is widely accepted as the mechanism for the potentiation of halomethane hepatotoxicity (5, 6, 11, 13, 16, 18, 20, 28, 38, 52, 57) , this phenomenon alone cannot explain the 67fold potentiation caused by CD (1, 14, 15, 24, 41 ) . Likewise, the halomethane potentiation cannot be attributed to increases in lipid peroxidation, the binding of CC'4 or its cleavage products to cellular proteins or lipids, or by increases in CCl4 metabolism (28, 40, 44) . A recent report suggests that nonparenchymal cells may also play a role in vitamin A potentiation of C;Cl4 toxicity after pretreatment with large doses of vitamin A (52) . Initial investigations (36, 37) revealed 2 distinct phenomena between CD-treated and normal (N) rats receiving CC'4. Rats receiving a low dose of CCl4 (100 ~l!kg) alone exhibited initial liver injury based on histopathological observations at 6 hr after administration, which was progressive up to 12 hr, and showed recovery from the toxicity by 24 hr. However, CD-pretreated rats receiving the same dose of CCl4 exhibited similar but slightly greater initial liver injury, which progressed at an accelerated pace, resulting in severe hepatic damage and death. These studies also revealed that an early phase hepatocellular division was stimulated by a low dose of CCl4 alone, with peak mitotic activity at 6 hr, the time when initial injury was clearly evident. This stimulation of hepatocellular regeneration was not evident in rats pretreated with CD (36, 37, 42, 43) . Based on these studies, we hypothesized that suppressed hepatocellular regeneration, aside from the bioactivation phenomenon, might be responsible for the amplification and progressive phase of CCl4 hepatotoxicity in CD-pretreated rats (40) (41) (42) (43) . Studies designed to validate this concept experimentally using partially hepatectomized rats have provided supportive evidence (3, (29) (30) (31) . These studies revealed that a combination of CD + CCl4 interferes with hepatocellular regeneration stimulated by partial hepatectomy during the initial period after the administration of CC14. However, owing to the strong stimulus of partial hepatectomy, the interference is overcome by the sustained hepatocellular regeneration, resulting in the replacement of dead cells and restoration of lobular architecture, and active regression of liver injury, leading to animal survival in partially hepatectomized rats receiving the CD + CCl4 combination treatment (29) (30) (31) .
The regenerative capacity of the liver following either toxic injury or surgical partial hepatectomy has been well documented (7, 21, 22, 25, 35, 46, 48) . Regeneration of liver following administration of a toxic dose of CCI, was observed at 36-48 hr after treatment, which is evident as an increase in hepatocyte mitotic figures (35) , increased 3H-thymidine (3 H-T) labeling of hepatocellular nuclei by autoradiography (45) , and increased activity levels of thymidylate synthetase and thymidine kinase (47) . Recent developments (2, 39) indicate that transforming growth factors-a and -~3 (TGF-a and -~3) play a central role in the postinflammatory tissue regeneration. Surgically (39) or chemically (2) induced hepatocellular regeneration resulted in greater amounts of TGF-a and -~3 messenger RNA, which are not detectable in normal liver (2, 39) . These observations reported in the literature as well as our studies indicate that toxicity and regenerative capacity of liver are closely related. The present studies were designed to investigate the relationship between hepatocellular regeneration and hepatotoxicity during a time course of 96 hr after the administration of CC14 to rats maintained on a N, CD (10 ppm), mirex (M; 10 ppm), or phenobarbital (PB; 225 ppm) diet. Hepatocellular regeneration was monitored by 3H-T incorporation into hepatocellular nuclear DNA and by autoradiography of liver sections. CCI, ( 1 00 pl/kg)-induced hepatotoxicity was monitored by plasma transaminase elevations, histopathology of liver sections, and lethality. We report here that potentiated hepatotoxicity enters the accelerated progressive phase of toxicity, leading to animal death, in the absence of hepatocellular regeneration and tissue repair mechanisms, during the early period following the administration of CCl4 to CD-pretreated rats. In the case of PB treatment, because hepatocellular regeneration and tissue repair are not suppressed, complete recovery from enhanced liver injury occurs, explaining the survival of rats even after enhanced liver injury. Experimental Design. Experimental protocol includes parameters to assess hepatotoxicity, on the one hand, and hepatocellular regeneration, on the other, because the aim of this work was to observe the correlation between hepatotoxicity and hepatocellular regeneration. Hepatotoxicity was assessed by measuring plasma aspartate and alanine transaminases (AST and ALT) as well as histomorphometric analyses of liver sections. Hepatocellular regeneration was assessed by measuring 3 H-T incorporation into hepatocellular nuclear DNA followed by autoradiography of liver sections for percentage of labeled cells and percentage of mitotic figures. Lethality studies were also conducted to assess the consequence of liver injury on animal survival. To determine the above investigational parameters, rats were housed 4 per cage on crushed com cob bedding and were maintained on a commercial powdered rat chow (Ralston Purina Co., St. Louis, MO) containing either no added contaminant or 10 ppm CD, 10 ppm M, or 225 ppm PB for a period of 15 days. The rats had free access to food and water ad libitum. The control and treatment diets were prepared as described previously (16) .
On day 15, CCl4 (100 ~1/kg, in 1 ml com oil) was administered ip. Proper controls were maintained by injecting an equivalent amount of com oil. At 1, 2, 6, 24, 36, 48, 72, and 96 hr after CCI, administration, blood was collected from rats under diethyl ether anesthesia via the dorsal aorta with a heparinized 10-ml syringe fitted with a 20-gauge needle. The blood samples were then centrifuged at 3,000
x g for 10 min at room temperature. Plasma was used for analysis of transaminases. Liver samples were collected immediately and used for 3H-T incorporation studies. A part of the liver was cut as small blocks, fixed in formalin, and used for autoradiography as well as histomorphometry.
CCl4-induced lethality was assessed for rats maintained on normal diet and for rats maintained on a CD, PB, or M diet. The rats received a single ip dose of 100 ~1 CCl4/kg. The rats were observed twice daily for 14 days and mortality was tabulated up to 96 h, since all of the surviving rats at 96 hr survived thereafter.
In vivo Incorporation of 3H-T into Rat Liver Nuclear DNA. The procedure used is essentially that of Chang and Looney (8) . Rats undergoing various treatments were injected with 50 pci of 3H-T ip, 2 hr before sacrificing. We chose a 2-hr period for 3H-T incorporation on the basis of previous experiments showing that this time period falls within the linearity of 3H-T incorporation and because maximal incorporation was observed in accord with the previously reported findings (8) . Livers were removed and homogenized in 20 volumes of 2.2 M sucrose solution (d = 1.28). All these procedures were performed at 4°C. The homogenates were centrifuged at 40,000 x g for 1 hr in a Beckman L5-65 ultracentrifuge. Whereas the intact cells, connective tissue, mitochondria, and erythrocytes migrate to the top, all the nuclei in the homogenate sediment in the bottom and form a thin pellet. The nuclei were washed twice and suspended in 0.25 M sucrose (10) .
Isolation and Estimation of DNA. One ml of nuclei fraction was added to 0.5 ml of 0.6 N perchloric acid (PCA), mixed slowly, and allowed to stand on ice for 10 min. The aliquot was centrifuged at 10,000
x g for 20 min. The supernatant was discarded. The pellet was washed twice with 0.2 N PCA, suspended in 6 ml of 0.5 N PCA, and heated for 20 min at 70-80°C. The suspension was centrifuged at 10,000 x g for 20 min and the supernatant was used for DNA analysis. The DNA content was measured in triplicate with the diphenylamine reaction as described by Burton (4) . To 1 ml of the above supernatant, 2 ml of diphenylamine reagent was added and incubated for 16-18 hr at room temperature in the dark.
The absorbance was read at 600 nm. Two 200-~1 aliquots of the above supernatant was added to 10 ml of Flo-Scint-TM II (Radiomatic Instruments and Chemical Co., Inc., Tampa, FL), and the radioactivity was quantitated in a scintillation counter with an automatic quench correction (Searle Analytical, Des Plaines, IL). 3H-T incorporation data are represented as cpm/g liver.
Autoradiography. The liquid emulsion dipping method for high-resolution autoradiography was used (23) . At different time points after CCl4 administration to rats, the livers were excised. Rats received 3H-T (50 ~Ci/rat) ip 2 hr before killing.
The excised livers were sliced and fixed in 10% neutral-buffered formalin. After fixation, the liver sections of 5-~m thickness were prepared, dewaxed, and coated with a photographic liquid emulsion, Kodak NTB2. These liver sections were exposed for 5 wk at 5°C in a light-proof box. The autoradiographs were developed in a Kodak D-19 developer and stained with hematoxylin and eosin (H&E). The number of grains per cell and number of hepatic
FiG. 1. -Plasma AST levels at different time points after CCI, (100 ~1/kg, ip in com oil) administration to rats maintained on a N, CD, M, or PB diet for 15 days. Values are mean ± SE of 4-6 rats. * Significantly different from the respective control (CTRL). t Significant difference from N group. $ Significant difference from N, M, and PB groups at the corresponding time period. nuclei bearing the label were estimated in 8-10 nonoverlapping areas of the stained liver sections. The total number of cells taken into account in each rat liver section exceeded 500. The labeling index was expressed as percentage of labeled cells (number of cells with silver grains divided by total number of cells x 100). In this procedure, the background grain count was minimal ( < 3), and all the cells considered for the calculation of the labeling index contained > 10 grains/cell. Plasma Enzymes. Plasma levels of transaminases (AST and ALT) were measured and quantitated by the method of Reitman and Frankel (49) using Sigma diagnostic kits.
Light Microscope. When the rats were sacrificed under diethyl ether anesthesia, the livers were rapidly excised, rinsed in 0.9% NaCI, blotted, and weighed. A portion of liver was sliced and fixed in phosphate-buffered 10% formaldehyde and then embedded in paraffin. Sections (5 Am thickness) were stained with H&E.
Morphometry. Tissue sampling and counting procedures employed were those described by Weibel et al (56) . The details of this procedure have been described previously (36, 37) . Because volume density represents the percentage of total cells, we chose this method of morphometric analysis, and quantitation of numerical density was not attempted. The tabulations from the counts included hepatocytes with mitotic figures and lipid-laden hepatocytes as well as swollen and necrotic hepatocytes. Volume density of hepatocytes with each of these morphologic features was separately determined. Morphometric data for individual rats were collected, recorded, and the means ± SE were calculated.
ALT levels at different time points after CCI, (100 >1/kg) administration to rats maintained on a N, CD, M, or PB diet for 15 days. The other details are the same as in the Fig. 1 legend.
Statistics. The values in figures represent the means of 4 or 5 rats. Comparisons between values were made using ANOVA for unbalanced design, followed by a posthoc comparison test-Scheffes multiple comparisons (19) . The acceptable level of significance was established at the statistical criterion of p :5 0.05.
RESULTS

Evaluation of CCl4 Hepatotoxicity
Hepatotoxicity of CCl4 at a dose of 100 pl/kg was studied in rats maintained on N, CD, M, or PB diets for 15 days. CCI, hepatotoxicity was assessed by measuring plasma AST and ALT levels as well as by histopathological observations of liver sections during a time course of 96 hr after CCI, challenge to all 4 groups of rats (Figs. 1-3 and Tables I-III ). In N rats, CCl4 challenge resulted in only slight increases in plasma enzyme levels (Figs. 1, 2 ). However, a dramatic elevation of plasma AST and ALT levels was observed in rats maintained on CD diet followed by CCl4 challenge. The plasma enzyme elevations were observed within a few hours; maximum elevations were observed at 24 hr after CCl4 challenge and remained at those high levels until animal death, indicating progressive injury without recovery from CD + CCI, toxicity (Figs. 1, 2) . In M-pretreated rats, the slightly elevated enzyme levels at 24-48 hr post-CCl4 returned to normal levels by 96 hr. In PB-treated rats, although the enzyme elevations were greater than in N and M rats, they returned to a normal level by 96 hr. CCl4-induced plasma AST elevations were 47-56-fold in CD, 7-15-fold in PB, 4-fold in M, and 2.5-fold in N diet pretreated rats. Similarly, CC%-induced plasma ALT elevations were significantly greater in CD (53-128fold) when compared to PB (6-26-fold), M (4-fold), L-Volume density of necrotic hepatocytes following CCI, administration to rats maintained on a N, CD, M, or PB diet for 15 days. a a Values are mean ± SE. n = 4 or 5. All values significantly different compared to control and 2-hr values for N and CD diet treatments. Male Sprague-Dawley rats were maintained on either a N diet or on a diet containing 10 ppm CD, 10 ppm M, or 225 ppm PB for 15 days, before the administration of a single dose of CCl4 (100 ~1/kg, ip in com oil). Liver sections were prepared and processed at the time points indicated after the administration of CC'4' b Control groups received com oil vehicle only instead of CCI, in com oil. c Significantly different from N-diet rats at that time period. d Only determined in surviving rats, since only 50% of rats survived at 48 hr. e None of the CD-diet rats receiving CCl4 survived at this time point. f Significantly different from N-, M-, and CD-diet rats at that time period. and N (2.2-fold) diet pretreated rats (Fig. 2) . These results clearly indicate that CCI, hepatotoxicity in CD-pretreated rats was evident at 6 hr and became severe and progressive with time. In PB-pretreated rats, hepatic injury evident at 2 hr was progressive until 48 hr, but recovery occurred at 96 hr. In M-pretreated rats, much less injury was observed, and even though it occurred earlier (2 hr), complete recovery occurred by 96 hr. In N rats, the very limited liver injury that did occur was overcome completely by 72 hr. Histopathological changes were assessed by observing liver sections for necrotic, lipid-laden, and swollen hepatocytes. The histomorphometric analysis and histological findings are presented in Fig.  3 and Tables I-III . Swollen cells were identified by enlargement, and the pale staining of cytoplasm and necrotic cells were identified by pyknotic nuclei. Cells containing lipid were identified by round vacuoles within the cytoplasm. In N rats, CC14 (100 pl/kg) administration resulted in <4% necrotic hepatocytes, and these dead cells were replaced by newly divided hepatocytes by 96 hr. However, a greater number of necrotic hepatocytes were observed with PB (52% at 24 hr) and CD (29.9% at 24 hr) rats following CCI, administration (Table I) . M pretreatment also resulted in a slightly higher number of necrotic hepatocytes (22% at 24 hr) when compared to N rats after CCl4 administration ( Fig. 3 and Table  I ). While the percentage of necrotic cells decreased considerably by 96 hr post-CCI, in PB and M rats, indicating recovery from the toxicity, they remained at that high level in CD rats, indicating absence of recovery ultimately leading to death (Table I) . Swollen hepatocytes (ballooned cells), which are characteristic of CCI, toxicity, exhibited a similar pattern. In N rats, a low dose ofCCl4 treatment resulted in only slight elevation in the number of swollen hepatocytes. M pretreatment elicited a sharp increase in the number of balloon cells when compared to N rats at early time points following CCl4 administration ( Fig. 3 and Table II ). PB pretreatment resulted in a higher number of balloon cells when compared to N, CD, and M rats following CCI, treatment (Table II) . Lipid-laden cells also exhibited a similar pattern ( Fig. 3 and Table III ). PB and CD rats exhibited a higher percentage of lipidladen cells when compared to N and M rats, following CCI, administration (Table III) . Although the extent of histopathological changes observed following CCl4 (100 pl/kg) administration to N, M, and PB rats varied depending on the pretreatment, all of these changes were overcome by 96 hr, resulting in recovery from the potentiated CCI, toxicity. In contrast, the histopathological changes persisted in CD rats without any recovery, indicating that CCl4 hepatotoxicity continued progressively, culminating in death of this group of rats.
CC1,, Lethality
CCI, challenge to CD-pretreated rats resulted in 10% mortality by 24 hr and progressed with time (50% mortality at 48 hr), and all the rats died (100% mortality) by 60 hr post-CCl4. However, no mortality was observed in N-, M-, or PB-pretreated rats after CCI, challenge. b Control groups received com oil vehicle only instead of CCI, in com oil. c Significantly different from N-diet rats at that time period. dolly determined in surviving rats, since only 50% of rats survived at 48 hr. e None of the CD-diet rats receiving CC14 survived at this time point.
DNA Levels and in vivo 3H-T Incorporation after CCl4 Challenge
DNA levels and 3H-T incorporation into hepatocellular nuclear DNA at different time points after CCI, administration to N-, CD-, M-, or PB-pretreated rats are depicted in Figs. 4 and 5. In N rats, DNA levels were not altered at any time point after CC14 challenge (Fig. 4) ; however, in CD-pretreated rats, DNA levels were significantly decreased starting at 6 hr after CCl~ administration. While a slight decrease in DNA levels was observed at 24 hr after CC14 administration to M-and PB-pretreated rats, DNA recovered to normal levels by 96 hr (Fig. 4) . In vivo 3H-T incorporation showed a biphasic increase in N rats: 1 at 1-2 hr and the other at 36-48 hr after CC14 administration (Fig. 5 ). With M pretreatment, this early phase of 3H-T incorporation did not occur. With PB pretreatment, there was only a marginal increase during this early phase (Fig. 5 ).
The most remarkable increase in 3H-T incorporation occurred in M-pretreated rat livers during [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] hr, continuing through 72 hr. With PB pretreatment, an equally remarkable stimulation of 3H-T incorporation was observed, with one major difference. The wave of increase started at 24 hr with PB in contrast to the 36 hr for M. Thus, it would appear that the first significant phase of 3 H-T incorporation occurred at 24 hr for PB and at 36 hr for M instead of the peak observed at 1-2 hr observed in N rats. However, only 1 peak of 3H-T incorporation at 36-48 hr was observed in CD + CCI, combination, which was also significantly lower when compared to that observed in M or PB + CCI, combination treatment at 48 hr (Fig. 5 ).
Autoradiographic Analysis of Liver Sections
The 3H-T labeling index represented as percentage of labeled cells from the liver sections obtained at different time points after CCI, administration to N-, CD-, M-, or PB-pretreated rats are presented in Fig. 6 . The autoradiographs of typical liver sections at 0, 2, and 48 hr after CCl4 administration to all 4 groups of rats are presented in Figs. 7 and 8 . In agreement with measurements of 3H-T incorporation in nuclear DNA, the percentage of labeled cells also showed a biphasic increase in N rats: 1 at 1-2 hr and the other at 36-48 hr post-CCl4. The first phase of the labeling index was evident at 24 hr and the second at 36-48 hr post-CC14 for PB and 36-48 hr post-CCl4 for both CD and M (Fig. 6 ). The percentage of labeled cells at 48 hr was significantly lower in the CD + CCl4-treated group when compared to M or PB + CC14-treated groups (Figs. 6-8 ). 
Volume Density af Hepatocytes with Mitotic Figures
The volume density of hepatocytes with mitotic figures (% mitoses) in N, M, CD, and PB rats following CCI, administration is presented in Fig. 9 . In N rats, percentage of mitotic figures exhibited a biphasic increase: 1 at 6 hr and the second phase at P FIG. 5. -3H-T incorporation into hepatic nuclear DNA at different time points after CCI, ( 100 >1/kg, ip in com oil) administration to rats maintained on a N, CD, M, PB diet for 15 days. 3H-T (50 mCi/rat, ip) was injected 2 hr before sacrificing the rats. Values are mean ± SE of 4-6 rats. * Significant difference from the respective control (CTRL). t Significant difference from CD group at the corresponding time period. 48 hr (Fig. 9 ). However, only 1 peak at 48 hr for PB, M, and CD was observed. The percentage of mitotic figures in CD rats was significantly lower when compared to PB and M rats following CC14 administration (Fig. 9 ).
DISCUSSION
Recent studies (3, 29-31, 36, 37) indicate that 2 dynamic aspects are associated with CD amplification of CCI4 toxicity. The first event is the widely accepted bioactivation followed by lipid peroxidation, which initiates liver injury as a result of these putative mechanisms working in tandem. The second event is a lack of recovery from the toxicity because of suppressed hepatocellular regeneration and hepatolobular restoration (43) . Stimulation of hepatocellular regeneration and repair mechanisms early after the administration of CC'4 plays an important role in the recovery from limited toxic injury, as was observed after the administration of a low dose of CC14 (100 pl/kg) alone (40) (41) (42) . Subsequent experiments (3, 29-31 ) have indicated that CD + CC'4 combination interferes with this stimulation of CC'4 -induced hepatocellular regeneration and hepatolobular restoration, which results in the progression of the limited injury into an accelerated and irreversible destruction of the liver. Recent work indicates that hepatocellular ATP levels were severely compromised in CD + CC'4 combination treatment, but not with CD or CC14 alone (32) . Experiments designed to test this concept further have yielded additional supportive evidence (54, 55) . These studies indicate that failure of hepatocytes to divide and lack of tissue repair are due to unavailability of energy in CD + CC'4 toxicity. In this paper, we report a correlation of hepatotoxicity and lethality with the hepatocellular regenerative capac- ity of animals maintained on a N, CD, M, or PB diet followed by CCI, challenge.
Previous studies indicated that despite a 3-fold increase in bioactivation of CCI, in PB-treated rats (44) and despite the accompanying hepatotoxic in-jury matching or slightly in excess of that observed in CD-pretreated rats (27) , PB-treated rats are able to overcome the potentiated CCI, liver injury and survive (26, (40) (41) (42) . Rats treated with M + CCl4 also survive, although this would not be unexpected in view of the lack of any increase in the bioactivation of CC14 and a commensurately unimpressive increase in liver injury. The present study was designed to investigate the hypothesis that in PB-treated rats stimulated hepatocellular regeneration and tissue repair is the mechanism that permits these animals to recover from even a substantially potentiated liver injury. The findings of this study are consistent with the concept that hepatocellular regeneration plays a pivotal role in the final outcome of enhanced liver injury. The animal can obtund progression of PB-enhanced liver injury by virtue of stimulated tissue repair, thereby permitting recovery and survival. In CD + CCl4 combination treatment, the toxicity of CC14 is dramatically amplified by CD pretreatment and the toxicity is progressive, because of a lack of sufficient repair of the hepatocellular architecture. This conclusion is based on the fact that plasma AST and ALT levels showed a persistent and progressive increase with time after CCl4 administration to CD rats. Histopathological changes were consistent with plasma enzyme elevations. In the same group of rats, 3H-T incorporation as well as percentage of labeled cells and percentage of mitoses showed a single peak at 36-48 hr post-CCl4. Increased 3H-T incorporation and percentage of labeled cells seen at 1-2 hr after CCl4 administration to N rats was not observed in CDpretreated rats. These results clearly suggest that immediately after the initial injury by CCl4 (100 111/ kg), liver cell division is accelerated, resulting in recovery of N rats. The sequel of liver injury enters a phase of regression, as the newly divided cells begin to replace the dead cells, resulting in a systematic restoration of hepatolobular architecture. These newly divided hepatocytes are resistant to several hepatotoxicants (9, 50, 51) . In contrast to this sequel, a similar limited liver injury caused by CCI, in CD rats enter into a permissively progressive phase due to suppression of cell division.
Observations made with PB-and M-pretreated rats in this study also provide an insight into the perplexity of the lack of progressive liver injury of CCl4, particularly after PB treatment. Although CCl4induced plasma enzyme elevations were progressive with time in PB-pretreated rats, they were 4-8-fold less in comparison to CD-pretreated rats. Histopathological changes like percentage of ballooned cells and necrotic cells were greater with PB than CD rats following CCI, administration. Klingensmith et al (27) reported similar findings after a comparative morphometric analysis of liver sections from CD-, PB-, and M-pretreated rats. Such findings prompted us to look for extraputative mechanisms to find satisfactory explanation for the progressive liver injury resulting in total hepatic failure in 1 case and complete recovery in the other.
A major objective of the present study was also to investigate the mechanism for the recovery from potentiated liver injury observed after PB + CCl4 combination treatment. Likewise, we were interested in the lack of significant potentiation of liver injury and the basis for complete recovery after limited hepatotoxicity observed in M + CCl4-treated rats. The principal focus of the present study was to compare the regenerative capacity of liver and the liver injury associated with CCI, toxicity. A close observation of these two phenomena indicate an interesting and clear-cut relationship. Toxicity of CCl4 is initiated by virtue of its bioactivation followed by lipid peroxidation (Fig. 10 ). Hepatic microsomal cytochrome P-450 is marginally induced (1.4-fold) by prior dietary exposure to 10 ppm CD and is approximately doubled by prior dietary exposure to a significantly higher dose ofPB (225 ppm) for 15 days and also doubled by exposure to 10 ppm M ( Fig. 10; 15, 16, 26 ). Indeed, bioactivation of CCl4 increased in both CD and PB groups (28, 44) , and this is consistent with increased initial liver injury as indicated by plasma enzymes or liver histopathology (1, 27, 40) . However, lethality studies indicated that CD-pretreated rats died starting at 24-36 hr post-CCl4, whereas no mortality was observed with PB rats. Whereas the extent of initiation of toxicity is similar in both CDand PB-pretreated rats, the CD-pretreated rats die and PB-pretreated rats live. These events suggest that biochemical and biological events beyond those responsible for the causation of injury are responsible for the striking differences in the ultimate toxicities between PBpretreated and CD-pretreated rats. Despite less prominent necrosis, CD + CCl4 toxicity does change several biochemical parameters in the liver cell to FIG. 10. -Schematic representation showing the important events following CCI, toxicity in rats maintained on N, M, PB, and CD diets. In N-and M-pretreated rats, the limited liver injury caused by CCI, is overcome, due to stimulation of hepatocellular regeneration allowing the animals to survive. In PB-pretreated rats, the CCI, injury is greater because of increased bioactivation; however, these rats recover from the liver injury due to highly stimulated liver regeneration. CCl4 liver injury in CD-pretreated rats is also greater because of increased bioactivation, but the rats do not recover from the liver injury due to suppression of hepatocellular regeneration. ensure significant liver failure. For example, liver glycogen and ATP levels were decreased as early as 1 hr after CD + CCI, toxicity, which is associated by a sharp rise in intracellular free Ca2+ (32, 33) . Such a phenomenon was not observed in PB + CCl4 toxicity (32) .
Our previous (30, 36, 37) as well as present studies provide biochemical and molecular evidence for stimulated cell division evidenced by the 3H-T incorporation and percentage of labeled cells at 2 hr and 36-48 hr after CCI, to N rats. This intrinsic biological phenomenon is a common biological event, where necrotic cells are replaced by newly divided cells and can be triggered whenever there is cellular damage. In PB-pretreated rats, stimulated 3H-T incorporation was observed at 24 hr post-CCl4. However, in CD-pretreated rats, stimulated 3 H-T incorporation started at 36 hr post-CCl4 and early stimulation at 2 hr seen with low dose of CC14 alone was ablated. The hepatocellular regeneration stimulated by CCI, was not only delayed in CD-pretreated rats, but was also significantly decreased when compared to that observed in PB and M rats. One important question raised by these findings is whether or not and to what extent the early-phase cell division and tissue repair observed in rats receiving only the low dose of CCI, (100 jul/kg) involves the progression of cells normally arrested in the G2 phase of the cell cycle. The time periods for G~, S, and G2/mitosis phases of cell cycle are reported to be 8, 20, and 30 hr, respectively, following partial hepatectomy (12) . Since the early phase of hepatocellular regeneration observed after the administration of a low dose of CCI, ( 100 pl/kg) is evident by 6 hr, mobilization of cells in GI, S, and G2 phases is certainly a possibility. Interestingly, the administration of the same low dose of CC14 to PBtreated rats results in a postponement of this earlyphase event from 6 to 24 hr. However, at 24 hr the stimulated cell division response is much greater, indicating that during this time frame cells in all phases of the cell cycle might have been mobilized to divide. A diversity of chemicals have been reported to stimulate hepatocellular regeneration (21, 34, 43) , and the time of stimulated cell division is variable depending on the chemical (21, 34, 43) , the dose (30, 31, 37) , and the animal species (43) . There is evidence to indicate the involvement of TGF-a and -/3 in the regulation of chemically induced tissue repair (2, 39) . Whether or not and to what extent the augmented tissue repair observed in PB + CCl4treated rats in the present study involves cells arrested in G2 phase cannot be determined from the present studies. This insight as well as the role of cytokines and factors in chemical-induced tissue repair will be of continued investigational interest.
These observations suggest the following: 1) Enhanced hepatocellular regeneration seen in PB + CCI, treatment allows the animals to recover from the hepatotoxicity as well as lethality, and 2) suppressed hepatocellular regeneration seen in CD + CCI, treatment leads the animals to progress with the toxicity, culminating in death (Fig. 10 ). These findings underscore the importance of evaluating mechanisms in control of the ultimate outcome of chemical toxicity rather than relying only on mechanisms responsible for the infliction of toxic injury.
For the assessment of risk to public health from exposure to singular or combinations of chemicals, new insights into these mechanisms would be highly desirable.
